A comparative study of the low-energy optical properties of the 1/4-filled twodimensional organic conductors α-(BEDT-TTF) 2 MHg(SCN) 4 (M = K, NH 4 ) and the 1/5-filled salt β″-(BEDO-TTF) 5 [CsHg(SCN) 4 ] 2 is presented. The superconducting α-(BEDT-TTF) 2 NH 4 Hg(SCN) 4 exhibits metallic-like optical properties down to 4 K. This is in contrast to the non-superconducting salt α-(BEDT-TTF) 2 KHg(SCN) 4 where a strong feature appears at frequencies of about 200 cm -1 and temperatures below 200 K which indicates the opening of a pseudogap. In the anisotropic and poor metal β″-(BEDO-TTF) 5 [CsHg(SCN) 4 ] 2 we find a similar pseudogap in the optical spectra around 300 cm -1 up to room temperature and the presence of a strong Drude-like contribution. Based on exact diagonalisation calculations of the optical conductivity on an extended Hubbard model at quarter-filling we argue that the proximity of the α-phase BEDT-TTF salts to a charge-ordering transition is responsible for the observed pseudogap. Our proposed scenario suggests that the different ground states, including superconductivity, are a consequence of the fluctuations associated with short-range charge ordering which builds up close to the quantum phase transition. In a 1/5-filled system similar features like the short-range checkerboard charge fluctuations are expected, but the Drude contribution is always present because the charge ordered state is strongly modified by the presence of mobile empty sites.
INTRODUCTION
The importance of electronic correlations and charge doping on the ground state properties of twodimensional solids has been one of the challenging questions in condensed-matter physics for the last couple of years. In high-temperature superconductors and related transition-metal oxides a generic phase diagram was suggested with various magnetically ordered, insulating, metallic, and superconducting ground states depending on the charge doping due to variation of the oxygen content. For the one and two-dimensional organic conductors similar phase diagrams were developed over the years, however, not with the carrier concentration as parameter, but external or chemical pressure, i.e. as a function of the dimensionality of the electronic system [1, 2] . It is understood that the effects of JOURNAL DE PHYSIQUE IV 184 the onsite and intersite Coulomb repulsions with respect to the bandwidth or hopping integral, U/t and V/t, are crucial for charge ordering effects in the two-dimensional systems [3] [4] [5] [6] . The question of superior interest is the influence and the interplay of both electronic correlations and the band-filling on the ground state properties of these organic compounds. Most of two-dimensional organic conductors have quarter-filled bands (charge +0.5e per molecule), or effectively half-filled bands (+1e per dimer) for dimerized structure. Recently efforts were successful to go beyond half and quarter filling which allows for investigations of the electronic properties as the filling of the conduction band changes.
In BEDT-TTF-salts and related compounds these physical parameters can be tuned chemically by changing chemical composition of the anion layer or a cation molecule. The family of α-(BEDT-TTF) 2 MHg(SCN) 4 salts is a well studied quarter-filled system, where the compounds exhibit distinct differences in their physical properties depending on the mono-valent metal ion M. From the numerous studies of this α-phase family it is known that, though the calculated Fermi surfaces are identical for these salts [7] , the NH 4 -salt is a T c = 1 K superconductor (Fig. 1) , while the M = K, Rb, and Tl-salts remain metallic with indications of a density-wave ground state at ∼8 K [8] . On the other hand, the salts (BEDO-TTF) 5 [MHg (SCN) 4 ] 2 (M= K, Rb, Cs, NH 4 , Li) [9, 10] crystallize in β″-phase and have a 1/5-filled conduction band and have a Fermi surface of similar shape. Most of the members exhibit a metallic behaviour down to low temperatures. The only exception is β″-(BEDO-TTF) 5 [CsHg(SCN) 4 ] 2 which shows non-metallic behaviour of the dc conductivity in one direction of the plane, while in perpendicular direction conductivity remains metallic down to 4 K (Fig. 2) . We have performed low-frequency optical investigations in the entire temperature range in order to find the reason of these different states. In some compounds the development of a pseudogap in the optical response indicates charge ordering effects. We compare our findings with exact diagonalisation calculations on an extended Hubbard model for different band-fillings. Our proposed scenario suggests that the different ground states, including superconductivity, are a consequence of the fluctuations associated with short-range charge ordering which build up close to the quantum phase transition. The observed dependence on the filling of the conduction band agrees with theoretical predictions of a charge-ordered two-dimensional system based on extended Hubbard model on a square lattice where the electronic correlations are not strong enough to drive it fully across the metal-to-insulator transition, shifting the spectral weight to higher frequencies for 1/4-filled compounds, while for the 1/5-filled system a Drude contribution is always present. 
EXPERIMENTAL DETAILS AND RESULTS
The polarized reflectivity of the single crystals of α-(BEDT-TTF) 2 NH 4 Hg(SCN) 4 , α-(BEDT-TTF) 2 KHg (SCN) 4 , and β″-(BEDO-TTF) 5 [CsHg(SCN) 4 ] 2 was measured in the 50-7000 cm -1 spectral range at temperatures 4 -300 K. For the Kramers-Kronig analysis we used a Hagen-Rubens extrapolation for ω → 0; above 7000 cm -1 we utilized the standard optical behaviour known from other BEDT-TTF compounds [11] and existing data for β″-(BEDO-TTF) 5 [CsHg(SCN) 4 ] 2 [12] . The room-temperature reflectivity of these compounds decreases for increasing frequency with a plasma edge around 5000 cm -1 . The maximal reflectivity and a distinct plasma edge is observed for electric field E of the incident light perpendicular to the stacks, while in E¦ stacks the reflectivity is minimal and the plasma edge is damped. With decreasing temperature for all of these compounds a rise in reflectivity is observed at frequencies above 500 cm -1 , but their low-frequency behaviour is different. Below 500 cm -1 reflectivity rises for the α-(BEDT-TTF) 2 NH 4 Hg(SCN) 4 in both polarizations, as is expected for a metal. For the α-(BEDT-TTF) 2 KHg(SCN) 4 around 200 cm -1 a dip in the reflectivity develops at T < 200 K in both polarizations. For β″-(BEDO-TTF) 5 [CsHg(SCN) 4 ] 2 in E⊥stacks the reflectivity in this range increases upon cooling down to 150 K, but remains unchanged below this temperature. Parallel to the stacks the reflectivity grows rapidly between 200 and 150 K, and continues to rise slightly below this temperature. Thus the room-temperature anisotropy of R(ω) in the conducting plane observed in the spectral range from 60 to 700 cm -1 disappears at temperature T ≤ 50 K [11, 13] . The room-temperature conductivity of the K and NH 4 -salts shows a Drude-like peak with a scattering rate of less than 30 cm -1 . The overall conductivity values for the NH 4 -salt are slightly higher. The shift of the spectral weight to lower energies as T decreases agrees with the dc resistivity. In contrast to the metallic character of the NH 4 -compound spectra, the dip in R(ω) of the K-salt shows up as a maximum in σ(ω) slightly above 200 cm -1 due to excitations across the pseudogap (Fig. 3) . Its position does not change with temperature; the spectral weight of this feature increases linearly by about a factor of 5 when going from T = 200 K to 4 K. No signs of a phase transition around T p ≈ 8 K are observed in our spectra and thus we cannot associate these changes with the proposed density-wave ground state. For a more detailed discussion see [11] .
Compounds with 1/5-filled band: Es-(BEDO-TTF) 5 [CsHg(SCN) 4 ] 2
The spectra of the optical conductivity σ(ω) in the two polarizations are presented in Fig. 4 . In both directions the room-temperature conductivity spectra consist of a narrow Drude-like component and two broad maxima at higher frequencies. An intensive maximum lies at about 700 cm -1 , corresponding to the pseudogap observed in the spectra at 300 cm -1 . The spectral weight of the optical conductivity shifts to low frequencies when the temperature is reduced. Although the Drude contribution becomes extremely narrow, its plasma frequency increases slightly. The 700 cm -1 peak shifts to low frequencies as the temperature decreases and lies at about 350 cm -1 at T = 100 K; thus the low-frequency gap becomes less pronounced. The described behaviour is basically the same for both polarizations of the electric field, except that for E perpendicular to the stacks the spectral weight of this maximum grows by a factor of 1.5 when going from T = 300 K to 100 K while in the direction parallel to the stacks the intensity of this maximum does not change. An in-plane anisotropy observed in dc and microwave resistivity measurements [13] is also clearly seen in the different temperature behaviour of σ(ω) below 100 K. The spectra for E ⊥ stacks change only slightly between 100 and 10 K; in particular no changes are noted in the mid-infrared range. Parallel to the stacks a wide band around 4000 cm -1 appears at 100 K. Simultaneously, the intensity of optical conductivity σ(ω) in the mid-infrared region between 1000 -3000 cm -1 decreases; also the low-frequency maximum becomes smaller. This corresponds to the increase of the resistivity at 100 K. Although ρ(T) becomes metallic below 30 K, the 4 K resistivity is still higher than that at 100 K, in accordance with our optical results: the 4000 cm -1 band is present at the lowest measured temperature of 10 K. . optical conductivity spectra of β"-(BEDO-TTF) 5 [CsHg(SCN) 4 ] 2 for the polarizations E parallel and E perpendicular to the stacks. The curves for different temperatures are displaced for clarity reasons. In both polarizations a pseudogap around 300 cm -1 is found already at room temperature which shifts to lower frequencies as T decreases. In addition a narrow Drude contribution is present. For clarity reasons the curves are shifted up by 50 Ω -1 cm -1 (respectively 100 Ω -1 cm -1 ) each when going to lower temperatures.
Theory
It is known that Coulomb interaction leads to unconventional behaviour of the electronic properties of layered organic materials [2] . For the 1/4-filled band (which is the case of the α-salts) the Hubbard model with only U included always results in a metallic state [4] , but including the nearest-neighbour interaction V can lead to charge ordering phenomena [5] . Fig. 5 shows σ(ω) computed by exact diagonalisation of a quarter-filled extended Hubbard model on a 4 × 4 square lattice with U = 20t and increasing values of the ratio V/t, where t is the nearest-neighbours hopping amplitude. A broad band centered at ω ≈ 3V appears in the optical spectra; in addition a sharp resonance remains at low frequencies of about 2t. For V < 0.5t the spectrum is dominated by the Drude peak, in agreement with the optical conductivity of the NH 4 -salt; the strong enhancement of the sharp feature occurs already at V ≈ t. Our calculations are in good qualitative agreement with the evolution of the optical spectra when going from the NH-salt to the K-salt if we assume that V/t increases from the former to the latter.
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The low-temperature phase of the K-salt has been recently interpreted as an unconventional density wave. This is a CDW with nodes in the gaps which displays metallic behaviour [14] The optical conductivity associated with this state also displays a low-energy feature associated with the momentum dependence of the gap function ∆(k) [15] . It is intriguing that our numerical results are consistent with the unconventional density wave scenario. More work is needed to understand this issue better.
In order to explain why superconductivity occurs in the NH 4 -salt but not in the corresponding Kcompound, we consider results from many-body calculations on an extended Hubbard model at quarter filling. As the ratio V/t increases the system goes from a metal to a charge ordered insulator. Slave-boson theory predicts the appearance of superconductivity mediated by the short-range charge fluctuations which appear already on the metallic side of the phase diagram close to the charge ordering instability driven by the ratio V/t. Hence, α-(BEDT-TTF) 2 KHg(SCN) 4 , which is at the charge-ordered side of the transition, i.e. (V/t) K > (V/t) NH4 , may be converted into a superconductor by decreasing V/t. Some attempts in this direction have already been carried out by applying external pressure [16] . Uniaxial strain provides a better way to tune the materials through the transition because decreasing a/b (where a is the intra-stack and b the inter-stack distances) favours a metallic state. As a matter of fact, T c increases from 1.5 K up to about 6 K in the NH 4 -compound; and most important, superconductivity is also reached for the K-salt when sufficient pressure is applied along the a-direction [17] . The above scenario is consistent with superconductivity at quantum phase transitions observed in numerous systems. Hence the NH 4 -salt can be driven closer to the chargeordering transition by increasing V/t; superconductivity should disappear, and eventually we expect a redistribution of the spectral weight due to the gradual enhancement of dynamically induced charge fluctuations. In contrast to the K-compound, for the superconducting NH 4 -salt the Coulomb repulsion is not strong enough to induce charge ordering. Releasing the pressure sufficiently should suppress superconductivity and eventually lead to a charge-ordered insulator. The situation is changed as we dope the system away from 1/4-filling. We may also model the materials by means of an extended Hubbard model on a square lattice at 1/5-filling, for instance. A simple understanding of this issue can be obtained by considering the case in which we dope the insulating checkerboard charge-ordered state with only one hole [18] . The single hole (which is an empty site in the checkerboard) has non-zero probability (for V >> V c ≈ 2t and U >> t), to move to a second-nearest neighbour in the diagonal direction by two successive hopping processes through its nearest neighbours (Fig. 5c ). This is of course a virtual second or energy. In a subsequent process the electron can hop to its third-nearest neighbours and so on. The quasiparticles can therefore disperse with renormalized hopping along the lattice and the system is expected to be always metallic (at a finite value of V). Hence, while for 1/4-filling a metal-insulator transition at a finite V c is expected, this is not the case at 1/5-filling. This would explain why the 1/5-filled salt exhibits a stronger Drude signal than the 1/4-filled salts. While in β″-(BEDO-TTF) 5 [CsHg(SCN) 4 ] 2 about 25-30% of the spectral weight is confined to the Drude contribution, its fraction is as low as 5% for α-(BEDT-TTF) 2 KHg(SCN) 4 The short range checkerboard charge fluctuations which lead to signatures in the dynamical properties of the 1/4-filled system (such as the appearance of a low frequency peak in the optical conductivity) are also expected to be present in the 1/5-filled system. However, these signatures are anticipated to be somewhat suppressed at 1/5-filling with respect to 1/4-filling because in the former case (for a given value of V) the checkerboard charge ordered state is strongly modified by the presence of mobile empty sites.
CONCLUSION
Our investigation of the optical properties of the metallic (M = K) and superconducting (M = NH 4 ) 1/4-filled compounds of α-(BEDT-TTF) 2 MHg(SCN) 4 has shown that the K-salt exhibits a strong feature in the electronic spectrum at about 200 cm -1 while the optical conductivity of the NH 4 -compound remains metallic at all temperatures. Based on exact diagonalisation calculations of the optical conductivity on a quarter-filled extended Hubbard model we identify the low-frequency feature with the gradual enhancement of fluctuations associated with short range ordering close to a charge ordering transition driven by the intermolecular Coulomb repulsion. We have extended our infrared studies to the 1/5-filled β″-(BEDO-TTF) 5 [CsHg(SCN) 4 ] 2 salts in order to explore the influence of different filling of the conduction band. In this compound electronic correlations lead to the presence of a narrow Drude-like contribution and of a pseudogap at about 300 cm -1 in the optical conductivity. These features are observed for both principal directions in the conducting plane, parallel and perpendicular to the stacks, and in the whole temperature range, from 10 K up to room temperature. As the correlation effects increase, the maximum in the optical conductivity due to excitations across the pseudogap shift to low frequencies as the temperature decrease. We propose that the Drude contribution is present in our spectra because the conduction band is 1/5 filled. These findings agree with theoretical predictions of a charge-ordered two-dimensional system based on an extended Hubbard model on a square lattice where the electronic correlations are not strong enough to drive it fully across the metal-to-insulator transition, but shift the spectral weight to higher frequencies for 1/4-filled compounds, while for the 1/5-filled system a Drude contribution is always present.
